The purpose of this study was to evaluate gap formations under class V restoration using swept-source optical coherence tomography (SS-OCT). Wedge-shaped cavities were prepared on the buccal surface of 40 extracted premolar teeth at 2 locations; 1) cementoenamel junction (CEJ) with enamel and cementum margin and 2) root surfaces with cementum margin. The cavity was treated with Clearfil S 3 Bond, restored with Clearfil Majesty and polished with abrasive disks. The specimens were kept in water at 37°C for 24 hours and subjected to a thermocycling procedure. Gap formations at the tooth-restoration interface were measured with SS-OCT image and conventional dye leakage under a microscope. There was no effect of the locations of the cavity and the margins of the cavity on the gap formation. Therefore, a significant effect of the observational methods was observed. The gap formation was 0.89±0.48 mm with the SS-OCT, and the gap formation was 0.34±0.41 mm with the dye leakage. The observation with SS-OCT demonstrated a greater degree of gap formation than the observation with dye leakage.
INTRODUCTION

Restorations
with resin composite undergo polymerisation contraction that generates stress within the resin composite and also at the restoration-tooth interface 1, 2) . This stress has been shown to lead to gap formation at the restoration-tooth interface 3, 4) . Such a marginal gap and subsequent microleakage may lead to marginal staining 5, 6) , postoperative sensitivity 7) , and secondary caries 8) . In addition, gaps along the cavity wall may lead to pain with biting 9) and failure of adhesion by repeated occlusal loading 10) . The traditional methods to detect gaps and subsequent leakage are the dye leakage test, the bacterial microleakage test, the electrochemical leakage test and the radioisotopes test 11) . Most of these methods are invasive because they do not allow the re-use of the specimens for re-quantification of leakage by a different technique, which would be very useful for validation of the previously obtained results. The leakage test may be difficult to standardise, and the results are also difficult to reproduce and compare 12) . Additionally, these tests can be only used in vitro.
Optical coherence tomography (OCT) is a relatively non-invasive method, which has proven to have potential in dentistry [13] [14] [15] [16] . Numerous studies have reported that OCT could be used for the assessment of the depth and severity of carious lesions 16, 17) . OCT has been used to characterise root canal walls 18) , to evaluate the quality of root canal fillings 19) and to assess the apical leakage of such fillings 20) . OCT is an optical signal acquisition and processing method that is effective for non-invasively imaging the internal tooth microstructure. OCT provides real-time two-dimensional (2-D) and three-dimensional (3-D) images for the investigation of samples by obtaining sub-surface images of translucent or opaque materials at a resolution equivalent to a low-power microscope 13) . Because of the difference in optical properties of dental hard tissues, according to different degrees of light scattering, these properties are applied to use for imaging with OCT 17) . Conventional OCT use of a light source that generates a high power broadband light with a centre wavelength of 1,310 nm has been reported to generate images to a depth of 2 to 3 mm into the subsurface of the tooth 21) . With the use of the current light source, OCT has the potential to detect and diagnose many aspects in dentistry, such as the identification of different restorative materials 14) , the detection of restorative failures 22) , the identification of pit and fissure sealants 23) , the detection of initial caries and quantifications of the severity of dental caries in situ 17) . This OCT system works with the time domain detection. The echo time delays of light will be detected by measuring the interference signal as a function of time, while scanning the optical path length of the reference arm 24) . The OCT combines light from a low coherence light source with a interferometer to create cross-sectional images of tissue structures generated as a result of interaction between a partially coherent beam of optical radiation and tissue components 25) . Swept-source optical coherence tomography (SS-OCT) is a variant of OCT 25, 26) , of which a light source is a tunable laser that sweeps the wavelength over a Non-destructive assessment of cavity wall adaptation of class V composite restoration using swept-source optical coherence tomography certain range. The SS-OCT time-encodes the wave number by rapidly turning the narrowband and source through a broad optical bandwidth. The frequency of response is detected with a balanced detector and the signal is Fourier transformed to obtain a depthreflectivity profile from which a cross-sectional image is reconstructed 27) . The SS-OCT was proved to be effectively used for detection the enamel caries due to scattering of light matches the location of demineralized area at the base of the fissure and the results correlated well with the confocal laser scanning microscope 28) . The purpose of this study was to evaluate the gap formation under class V resin composite restoration using swept-source optical coherence tomography (SS-OCT) compared with using a conventional dye leakage test.
MATERIALS AND METHODS
Tooth specimen preparation
Forty freshly extracted, sound premolars were used in this study. The use of the teeth was approved by the institutional review board of Tokyo Medical and Dental University. The selected teeth were free from decay, cracks, and restorations. After extraction, the teeth were cleaned with pumice, stored in normal saline at 4°C and used within one month after extraction. Wedge-shaped cavities were prepared using a water-cooled, high-speed hand piece and fissure diamond burs (D8, Intensive, Lugano-Grancia, Switzerland) at the cemento-enamel junction (CEJ) on the buccal surface of 20 teeth. The occlusal margin of the cavity was located on the enamel, and the gingival margin was located on the cementum. The wedge-shaped cavities were also prepared in the same manner as previously describe at the root of the remaining 20 teeth. The occlusal margin and the gingival margin of the cavity were located on the cementum. Each bur was used for the preparation of four cavities and was then replaced by a new bur. The cavity size was 2.0 mm high ×4.0 mm wide. The depth of the cavity was approximately 2.0 mm, as determined by a periodontal probe.
Restorative procedures
The cavity was treated with Clearfil S 3 Bond (Kuraray Medical, Osaka, Japan) for 20 seconds, dried with highpressure airflow for 5 seconds and then light-cured for 10 seconds. The cavity was then restored with a resin composite (Clearfil Majesty, Kuraray Medical, Osaka, Japan) and cured for 40 seconds. The finishing and polishing steps were performed immediately after polymerisation with abrasive disks (Sof-Lex Disk, 3M ESPE, Minnesota, USA). After complete restoration, the specimens were kept in distilled water at 37°C for 24 hours.
Thermocycling procedures
After keeping the specimens in water for 24 hours, the specimens were subjected to a thermocycling procedure in water baths between 5°C and 55°C with a 30-second dwell time in each bath. The designated numbers of cycles for thermal stress was 20,000 cycles.
Evaluation of cavity wall adaptation using SS-OCT
An SS-OCT (HSL-2000, SANTEC, Aichi, Japan) was used to assess the adaptation of composite restoration after the thermocycling. The optical source of the SS-OCT system consisted of a 1,315-nm to 1,340-nm high speed scanning (20,000 line/sec) swept external cavity laser with a scan range 112 nm at a 20 kHz sweep rate. The probe power is less than 5 mW within the American National Standard Institute limit. This system relies on analysing the frequency components of backscattered light from the internal structure of an object that creates real-time 2-D imaging with high resolution. The imaging depth is 3.0 mm, and the imaging width is 15.0 mm. The photo-detected signal is amplified and sent to the attached computer. Real-time 2-D images were generated and analysed by software (Inner Vision IV-2000, SANTEC, Aichi, Japan).
The specimen was set up in front of the SS-OCT scanning face on a translation stage. The focus light beam was projected onto the selected locations and scanned across the area of interest in two dimensions using a handle-held type probe. In this way, an SS-OCT image was generated in the plane (y-plane, z-plane) of the specimen at a constant depth. The next image at a new x-plane was then generated by moving the translation stage continuously. In this study, an SS-OCT cross-sectional image was produced in the y-plane and z-plane for all of the x-planes. The measurement of gap was conducted using the software from the attached computer in millimetres.
The y-plane at any x-plane of the deepest measurement was labelled with a permanent pen for further conventional dye leakage study.
Evaluation of cavity wall adaptation using conventional dye leakage
The specimens were longitudinally sectioned buccolingually perpendicular to the buccal surface along the labelled line from the SS-OCT observation using a diamond saw. A few drops of 1.0% acid red propyleneglycol solution (Caries Detector, Kuraray Medical, Osaka, Japan) were applied onto the cutting surface at the cavity wall for five seconds 4) . After rinsing and gently drying, the dye penetration at the tooth-restoration interface was observed and measured in millimetres under a measuring microscope (Nikon, Tokyo, Japan).
Statistical analysis
Statistical analysis was performed using three-way analysis of variance with a 95% confidence interval according to three independent factors: observational methods (SS-OCT and conventional dye leakage), locations of the cavity (CEJ and root), and margins of the cavity (occlusal margin and gingival margin).
RESULTS
The series of SS-OCT images of 512×1024 pixel from a representative specimen are demonstrated in Figure 1 . Heavy scattering line (white line) penetrates from the enamel margin deeper from A to B and the heavy scattering line penetrates from cementum margin deeper from C to D. The scattering line indicates the presence of optical variations between restoration, tooth substrates and gap. The gap formation was clearly visible, and measurement at any SS-OCT image showed that the deepest defect was at the tooth-restoration interface. The representative reflected light image of the class V composite restoration stained with 1.0% acid red propyleneglycol solution of the same specimen as in Figure 1 under a measuring microscope is demonstrated in Figure 2 . The red line indicates the presence of gap formation between restoration and tooth substrates.
Means and standard deviations of tested groups are demonstrated in Table 1 .
According to the observation with SS-OCT, the gap formations of the cavity located at the cemento-enamel junction (CEJ) were 0.87±0.60 mm at the occlusal margin and 0.87±0.52 mm at the gingival margin. For the cavities located at the root, the gap formations were 0.82±0.35 mm at the occlusal margin and 0.98±0.46 mm at the gingival margin. After the specimens were observed with conventional dye leakage, the gap formations of the cavity located at the cemento-enamel junction (CEJ) were 0.32±0.42 mm at the occlusal margin and 0.27±0.39 mm at the gingival margin. For the cavities located at the root, the gap formations were 0.30±0.31 mm at the occlusal margin and 0.46±0.51 mm at the gingival margin.
The three-way analysis of variance demonstrated only a significant effect of the observational methods on the gap formation (p<0.01) without any interaction between independent factors (Table 2) .
Because there was no effect of the location of the cavity and the margins of the cavity, the data were analysed only according to the observational methods. The means and standard deviations of the gap in millimetres are demonstrated in Table 3 .
The gap formation was 0.89±0.48 mm when the specimens were observed with SS-OCT, and the gap formation was 0.34±0.41 mm when observed with conventional dye leakage.
Further statistical analysis was performed using the student t-test at a 95% confidence interval. The statistical analysis revealed that there was a significant difference between the gap measured by SS-OCT and dye leakage (p<0.01). The observation with SS-OCT demonstrated a greater degree of gap formation than the observation with dye leakage.
DISCUSSION
To simulate the long-term effects in an oral environment, an artificial degradation technique (thermocycling procedure) was applied to the specimens. This testing procedure has been standardised by the International Organization for Standardization (ISO) to determine the durability of dental materials 29) . This procedure places stress on dental materials and/or interfaces as a result of their inherently different coefficients of thermal expansion 30) . Based on the hypothesis that the cycles may occur 20 to 50 times per day, in this study, the specimens were subjected to 20,000 thermal cycles, which was estimated to represent approximately 2 years of clinical function 30) . It has been demonstrated that Table 1 Means (standard deviations) of gaps in millimetres (n=20) Table 2 Three-way analysis of variance Table 3 Means and standard deviation of the gap according to the observational methods increased destruction occurs to bonds between resin composite restoration and tooth substrates after thermocycling 31) . Clearfil S 3 Bond is a one-bottle, self-etching adhesive that allows for simplification of the restorative procedure, time savings, and elimination of the need for acid etching before application, significantly reducing technique sensitivity 32) . This one-bottle adhesive is becoming more accepted for clinical use 33) . Thus, it was selected to be used in this study.
The one-bottle adhesive has been reported to be too hydrophilic, which has adverse effects on the bonding effectiveness and may play an important role in the durability of this adhesive 34) . The adverse effect of specimen aging in water with thermal cycling was observed in this study. Furthermore, none of the samples displayed a total absence of gap formation.
It has been reported that Clearfil S 3 Bond showed durability results of bond strength on both enamel and dentin after passing the aging procedure in water at 37°C for 1 year 35) . Additionally, the bond strength to enamel of Clearfil S 3 Bond was comparable to the bond strength to dentin in the long run 35) . These facts may explain the results of this study, which showed that the location of the cavity (CEJ and root) and the margins of the cavity (occlusal margin and gingival margin) did not affect cavity wall adaptation.
SS-OCT is a non-invasive technique for creating cross-sectional images of subsurface structures. The intensity of backscattered light is measured as a functional of its axial position in the specimens, which is used to create the real-time images 28) . Differences in the mineral density of tooth structures (enamel and dentin) affect the different optical properties 17, 28) . The difference in optical properties among tooth structures, resin-based materials and defects (the defect becomes more transparent than the sound tissue) are used to create a high-resolution image when the OCT is applied 17, 22, 28) . The SS-OCT clearly demonstrated the gap formation at the tooth-restoration interfaces in this study. Thus, the specimens after SS-OCT observation were still intact, allowing for the preservation of the samples for further investigation (i.e., conventional dye testing), as shown in this study.
The use of SS-OCT demonstrated a large number of gap formations comparable to the conventional dye testing because of the different observational procedure. SS-OCT can observe the subsurface of specimens to a depth of 2 to 3 mm without any special specimen preparation. It also showed two-dimensional real time images. The investigator can move the translation stage of the x-plane continuously to find the deepest defect at the tooth-resin interface. For the conventional dye leakage test, the specimens had to be cut to expose the interface of the restoration, and then dye staining was performed. The cutting surface has the possibility to deviate from the deepest part of the gap formation that the investigator marked from the SS-OCT test, which might affect the results from different techniques of gap investigation.
The interpretation should be concerned regarding to the correct degree of dye penetration according to dye leakage test. The mechanism of SS-OCT is relating an optical process based on different compositions of structures. The SS-OCT image of the gap is demonstrated by an increasing of brightness in the presence of gap (air) at the tooth-restorative materials interfaces. The gap formation was considered as the presence of the interfacial spaces with more than 1 micrometre in width under the resolution of the SS-OCT 36) . Since the particle size of acid red is less than 1 micrometre, this dye may penetrate into any defect smaller than 1 micrometre at the interfaces and will be detected under the microscope 37) . To distinguish the gap formation with dye penetration, the penetration of dye at tooth-restorative materials interface might be more penetrating than the gap formation detected by the SS-OCT. The less detection of gap formation in dye detection than the SS-OCT might be related to the different investigating techniques. The real time-scanning 2D-image of the SS-OCT may give a benefit of non-invasive technique over the conventional dye technique that relied on the plane of cut specimen.
Because of the benefit of the non-invasive nature of SS-OCT, it may be applied clinically to detect the gap formation along the cavity wall in vivo. However, the limitation of SS-OCT should be recognised: the greater the depth, the smaller the proportion of light scattering that may be expected. Depth limitation along with signal degradation due to high-scattering nature of dentine resulted in dramatic decrease of sensitivity for detection 28) . This correlation may result in too small of a gap to be detected. Thus, the detected restoration should be limited to cavities with a depth of 3 mm 13, 17, 22) .
CONCLUSION
Within the limitation of this in vitro study, it could be concluded that the SS-OCT has the ability to detect the gap along the cavity wall of composite restoration better than the conventional dye testing. With this non-invasive technique, the specimens can be preserved for further investigation.
